The body wall muscles in the Drosophila larva arise from interactions between Duf/Kirre and Irregular chiasm C-roughest (IrreC-rst)-expressing founder myoblasts and sticks-and-stones (SNS)-expressing fusion competent myoblasts in the embryo. Herein, we demonstrate that SNS mediates heterotypic adhesion of S2 cells with Duf/Kirre and IrreC-rst-expressing S2 cells, and colocalizes with these proteins at points of cell contact. These properties are independent of their transmembrane and cytoplasmic domains, and are observed quite readily with GPI-anchored forms of the ectodomains. Heterotypic interactions between Duf/Kirre and SNS-expressing S2 cells occur more rapidly and to a greater extent than homotypic interactions with other Duf/Kirre-expressing cells. In addition, Duf/Kirre and SNS are present in an immunoprecipitable complex from S2 cells. In the embryo, Duf/Kirre and SNS are present at points of contact between founder and fusion competent cells. Moreover, SNS clustering on the cell surface is dependent on Duf/Kirre and/or IrreC-rst. Finally, although the cytoplasmic and transmembrane domains of SNS are expendable for interactions in culture, they are essential for fusion of embryonic myoblasts. q
Introduction
In most organisms, muscle fibers are composed of large multinucleate cells generated by the fusion of committed myoblasts. Prerequisites to this process include recognition by, migration toward, and adhesion to, other myoblasts (reviewed in Abmayr et al., 2003) . In Drosophila, formation of the larval body wall muscles involves two distinct myoblast populations, founder cells and fusion competent cells (Bate, 1990 (Bate, , 1993 Bate and Rushton, 1993; Rushton et al., 1995) , each of which is essential for formation of multinucleate fibers. Founder cells control the unique identities of each muscle fiber, and seed the fusion process (Bate, 1990; Rushton et al., 1995; Landgraf et al., 1999) . In contrast, the fusion competent myoblasts, which comprise a much larger population, recognize, migrate to, and adhere to a founder cell. Coincident with and subsequent to myoblast adhesion, intracellular events include the appearance of electron dense vesicles at sites of cell-cell contact, resolution of these vesicles into 'fusion plaques', and vesiculation of the cell membrane (Doberstein et al., 1997) . The fusion competent myoblasts are then thought to take on the identity of the founder cell with which they fuse (Bate, 1990; Dohrmann et al., 1990; Rushton et al., 1995; Frasch, 1999) . Implicit in the above mechanism is an apparent requirement that founder and fusion competent myoblasts recognize each other, and studies have revealed that members of the immunoglobulin superfamily (IgSF) serve this purpose. Sticks and stones (SNS), which is found exclusively on the surface of the fusion competent myoblasts, appears in cells just prior to fusion and decreases rapidly thereafter. It is essential for fusion of both somatic and visceral muscles (Bour et al., 2000; Klapper et al., 2002) , and the fusion competent myoblasts of sns mutant embryos do not migrate to or associate with the founder cells (Abmayr et al., 2003) . SNS shares significant homology with Hibris (Hbs), which appears to play a nonessential regulatory role in myoblast fusion, since both ectopic expression and loss of Hbs cause subtle defects in myoblast fusion that do not result in lethality (Artero et al., 2001; Dworak et al., 2001) . Two additional IgSF members, Dumbfounded/Kin of IrreC (Duf/ Kirre) and Irregular chiasm C-roughest (IrreC-rst), serve redundant functions in the embryonic founder cells. In specific, removal of both genes results in a complete absence of myoblast fusion, and targeted expression of either Duf/ Kirre or IrreC-rst is sufficient to rescue the muscle loss (Ruiz-Gomez et al., 2000; Strunkelnberg et al., 2001) . Fusion competent cells fail to migrate toward their founder cell partners in embryos lacking both duf/kirre and irreC-rst (Abmayr et al., 2003) , and both can serve as attractants for the fusion competent myoblasts when ectopically expressed (Ruiz-Gomez et al., 2000; Strunkelnberg et al., 2001) . While Duf/Kirre expression is limited to the founder cells, IrreC-rst is likely expressed in some fusion competent cells as well as the founder cells (Ruiz-Gomez et al., 2000; Strunkelnberg et al., 2001) .
The differential expression of SNS in the fusion competent myoblasts and either Duf/Kirre or IrreC-rst in the founder cells, along with their respective loss-offunction phenotypes, supports a model in which these molecules mediate recognition and adhesion between founder and fusion competent cells. Consistent with this suggestion, Schneider line 2 (S2) cells transiently transfected with SNS adhere to cells that express Duf/Kirre (Dworak et al., 2001) . While the in vivo relevance remains unclear, studies have also demonstrated that Duf/Kirre and IrreC-rst can direct homotypic aggregation when expressed in S2 cells, and accumulate at points of cell-cell contact (Schneider et al., 1995; Dworak et al., 2001; Chen et al., 2003) .
To better understand the roles of Duf/Kirre, IrreC-rst, and SNS, we have examined their behavior in both cultured S2 cells and intact embryos. Consistent with a direct role in cell adhesion, we demonstrate that all three proteins are enriched and colocalize at points of cell-cell contact within S2 cell clusters. Moreover, Duf/Kirre and SNS colocalize at points of contact between fusion competent and founder-cells in the embryo, and are present in a complex that can be immunoprecipitated from heterotypic S2 cell clusters. In both S2 cells and in embryos, localization of SNS is dependent on the presence of Duf/Kirre and/or IrreC-rstexpressing cells, and requires only the extracellular domain. Although the cytoplasmic and transmembrane domains are absolutely essential for myoblast fusion, neither aggregation nor colocalization is dependent on their presence. Thus, these data support a model in which SNS mediates cell adhesion through its extracellular domain and plays a role in other aspects of myoblast fusion through its cytoplasmic domain and/or transmembrane region.
Results
2.1. Duf/Kirre and IrreC-rst mediate homotypic cell adhesion and are enriched at points of cell-cell contact
The ability of SNS, Duf/Kirre and IrreC-rst to mediate cell-cell adhesion was examined using Drosophila S2 cells, which are predominantly non-adherent under normal conditions. As a prelude to examining the behavior of these molecules in combination, we examined each individually to evaluate their ability to direct homotypic aggregation. S2 cells were transiently transfected with Duf/Kirre, IrreC-rst, or SNS under the control of the copper inducible metallothionein promoter and aggregated as described (Bieber, 1994, Section 4) . Following aggregation, the cells were fixed and examined by indirect immunofluorescence using anti-sera directed against specific domains or tags within each protein. As anticipated from previous studies (Dworak et al., 2001 ), Duf/Kirre-expressing S2 cells were frequently found in aggregates. As shown in Fig. 1 , Duf/Kirre protein accumulated at points of cell-cell contact in aggregates (Fig. 1A ,B, arrow) but was uniformly distributed on the surface of non-aggregated S2 cells (Fig. 1C,D) . Similar to the behavior of Duf/Kirre, IrreC-rst mediated homotypic aggregation of S2 cells, and became enriched at points of cell-cell contact in the resulting cell clusters (Fig. 1E,F, arrow) . Duf/Kirre and IrreC-rst enrichment was occasionally observed in regions where cell-cell contact was not apparent (Fig. 1A ,B,E,F asterisks), possibly as a consequence of processes, visible by transmission electron microscopy, that extend around neighboring cells (Supplementary Fig. S1 ). In contrast to the behavior of Duf/Kirre or IrreC-rst, expression of SNS protein on the surface of S2 cells did not lead to homotypic cell adhesion (Dworak et al., 2001; Fig. 1I,J) . A lower magnification view emphasizes the presence of many unassociated SNS-expressing cells. As anticipated, SNS was distributed uniformly on the surface in the absence of aggregation (Fig. 1K,L) .
To ensure that the Duf/Kirre and IrreC-rst clusters were the consequence of aggregation rather than cell division, we counted the number of cells in aggregates of three cells or more. As cells should only divide at most once during the course of the experiment, clusters of three cells must represent those formed from adhesive events. In a survey of 4171 Duf/Kirre-expressing cells, 40% (1697) were found in aggregates of three or more. In a survey of 1002 19% (192) (Dworak et al., 2001) . It was of interest to determine whether cells expressing SNS would interact with cells expressing IrreC-rst, and whether SNS and Duf/Kirre or IrreC-rst co-localized at points of cell-cell contact. To this end, S2 cells were independently, transiently transfected and the ability of Duf/Kirre and IrreC-rst-expressing cells to form aggregates and direct membrane co-localization of SNS in these aggregates was examined. All of these proteins were uniformly distributed on the cell surface in unaggregated cells (Fig. 1C,G,K) . In contrast to their behavior in isolation described above, SNS-expressing cells readily associated in large clusters when combined with cells expressing Duf/Kirre ( Fig. 2A-D) . The SNS-expressing cells also associated with cells expressing IrreC-rst, with a similar efficiency ( Fig. 2J-M) . At least one of these IgSF members must be expressed on the cell surface for it to cluster, since no untransfected cells were observed in an analysis of 1109 small clusters of either Duf/Kirre:SNS or IrreC-rst:SNS-expressing cells. While the biological significance of such an interaction remains unclear, Duf/Kirre and IrreC-rst-expressing cells are capable of forming heterotypic aggregates with each other when expressed in S2 cells under similar conditions (data not shown).
Examination of individual proteins in small aggregates revealed clustering of SNS with either Duf/Kirre or IrreC-rst at points of cell contact (Fig. 2E-I ,N-R). Thus, either Duf/Kirre or IrreC-rst can direct cells to associate with SNS-expressing cells, and co-localize with SNS at points of cell contact. Frequently much of the SNS protein in the cell accumulates at the points of cell-cell contact, leaving little if any protein on the rest of the cell surface. In rare cases, both proteins are observed in regions outside of obvious cell contacts (Fig. 2E-I , asterisks). However, this pattern may reflect cell membranes that are extending around neighboring cells, mentioned earlier. Since Duf/Kirre and IrreC-rst serve redundant functions in the founder myoblasts (Strunkelnberg et al., 2001) , and behave similarly in the assays described above, we have focused subsequent experiments on Duf/Kirre.
2.3. The transmembrane/cytoplasmic regions of Duf/Kirre and SNS are not required to direct S2 cell interactions or protein enrichment at cell-cell contacts
In some cases, the cytoplasmic domains of cell adhesion molecules play no role in their ability to direct cell interactions, while this domain can be critical in other cases (Section 3). It was therefore of interest to determine whether these regions of SNS or Duf/Kirre were required for the S2 cell interactions described above. For these studies, the extracellular domains of Duf/Kirre and SNS were fused in frame to the GPI-anchor sequence of Fasciclin I (Hortsch and Goodman, 1990 , Section 4). These constructs were separately, transiently transfected into S2 cells, and aggregation was examined as above. In the case of Duf/Kirre-GPI, the efficiency of homotypic aggregation was severely reduced compared to that of cells expressing full length Duf/Kirre (Fig. 3A , Section 4). Since the relevance of Duf/Kirre homotypic aggregates in vivo is unclear, we also examined the role of the Duf/Kirre and SNS cytoplasmic and transmembrane domains in heterotypic aggregation. In a similar analysis to that done for Duf/Kirre homotypic aggregates, we compared the ability of cells expressing the GPI-anchored or full length forms of Duf/Kirre to mediate heterotypic adhesion with cells expressing full-length or GPI-anchored forms of SNS in pairwise comparisons (Fig. 3B) . We first examined the influence of the SNS cytoplasmic and transmembrane domains on adhesion with cells expressing full length Duf/Kirre (Fig. 3B) . Within the limits of statistical significance, GPI-anchored SNS mediated aggregation at a level comparable to that of full length SNS (134G48%). A similar analysis was carried out to examine the influence of the SNS cytoplasmic and transmembrane regions on adhesion with cells expressing Duf/Kirre-GPI (Fig. 3B) . Again, SNS-GPI mediated adhesion with the Duf/Kirre-GPI-expressing cells at a level comparable to that of full length SNS (107%G7.8). Thus, the SNS cytodomain and membrane spanning region appear to play no role in its ability to direct aggregation with Duf/Kirre-expressing cells.
Since the Duf/Kirre-expressing cells were in excess in the above experiments, these data could not be used to determine the relative contribution of the Duf/Kirre cytodomain and transmembrane region. We therefore carried out additional assays in which SNS or SNS-GPI-expressing cells were in a five-fold excess over either Duf/Kirre or Duf/Kirre-GPIexpressing cells to determine whether there was a requirement for the Duf/Kirre cytodomain or membrane spanning region in interactions with cells expressing SNS (Fig. 3B) . These experiments were also set up as pairwise comparisons, and demonstrated that Duf/Kirre-GPI mediated aggregation at a level comparable to that of full length Duf/Kirre (90.1%G5.6). These data suggest that there is no significant difference between the ability of Duf/Kirre or Duf/Kirre-GPI to aggregate with cells expressing full-length SNS. Lastly, the cytoplasmic and transmembrane domain of Duf/Kirre had a modest affect on its ability to direct aggregation with GPI-anchored SNS (72.9%G11; Fig. 3B ). However, the effect of the cytoplasmic or transmembrane domain on Duf/Kirre's ability to mediate heterotypic aggregation with SNS-GPI was not as great as its effect on the ability of Duf/Kirre to mediate homotypic cell adhesion. Of note, Duf/Kirre-GPI was enriched at points of cell-cell contact in both homotypic aggregates (Fig. 3C ) and in heterotypic aggregates with SNS (data not shown) and SNS-GPI (Fig. 3D) . Thus, neither the cytoplasmic nor transmembrane domains of SNS or Duf/Kirre are essential for recruitment to cell-cell contacts.
In summary, these results indicate that the cytoplasmic/ transmembrane domains of SNS and Duf/Kirre do not influence the efficacy with which they direct heterotypic cell-cell adhesion. This observation is in contrast to that seen for Duf/Kirre in Fig. 3A , in which the cytodomain or membrane spanning region of Duf/Kirre plays a critical role in its ability to direct homotypic aggregation. One possible explanation for these results is that heterotypic association of SNS and Duf/Kirre is stronger, and does not require stabilization of the receptor through cytoplasmic or intramembrane interactions. Since the affinity of Duf/Kirre for homotypic versus heterotypic interactions could play a critical role in myoblast interactions in the embryo, we next utilized the S2 cell aggregation assay to examine this preference.
2.4. Duf/Kirre directs heterotypic aggregation with SNS-expressing cells more rapidly than homotypic aggregation with other Duf/Kirre-expressing cells
In the embryonic musculature, founder cells appear to fuse only with fusion competent myoblasts, and never fuse with each other (Ruiz-Gomez and Bate, 1997; Baylies et al., 1998; Landgraf et al., 1999) . In principle, this directional fusion could be attributed to the differential expression of Duf/Kirre and SNS by these two cell types, and inability of these molecules to associate homotypically (Section 3). However, results reported above and by Dworak et al. (2001) demonstrate that Duf/Kirre-expressing cells do associate with each other in culture. It was therefore of interest to determine whether the affinity of Duf/Kirreexpressing cells for cells expressing SNS was greater than the affinity of Duf/Kirre-expressing cells for each other. To address this question, Duf/Kirre-expressing cells were aggregated in isolation or in the presence of an equal number of SNS-expressing cells. This analysis utilized stable cell lines in which approximately 30% of the corresponding population expressed Duf/Kirre and approximately 8% expressed SNS. Aggregation of Duf/Kirreexpressing cells was examined in three different conditions, all with the same total cell number. The goal was to ensure that any change in aggregation of Duf/Kirre cells was due to the specific addition of SNS-expressing cells rather than a consequence of doubling the number of adherent cells. For each time point, we counted the number of Duf/Kirreexpressing cells free in solution and the number that had been incorporated into aggregates. As shown in Fig. 4 , Duf/ Kirre-expressing cells were incorporated into aggregates that included SNS-expressing (Fig. 4B ) cells at a faster rate and to a greater extent than those containing only Duf/Kirreexpressing cells (Fig. 4A,C) . This behavior was not a simple consequence of the number of adherent cells present, as a two-fold increase in the number of Duf/Kirre-expressing cells did not have a dramatic effect on the rate or extent of aggregation (Fig. 4A,C) . Thus, Duf/Kirre-expressing cells associate more readily into heterotypic aggregates with SNS-expressing cells than into homotypic aggregates with only Duf/Kirre-expressing cells.
2.5. Duf/Kirre and SNS associate in an immunoprecipitable complex from S2 cell aggregates
The striking colocalization of Duf/Kirre and SNS described earlier suggested the possibility that these proteins might physically associate in trans. To address this possibility, aggregates of stably transfected, SNS and Duf/Kirre-expressing cells were subjected to reversible protein cross-linking and lysed (Section 4). HA-tagged Duf/ Kirre was immunoprecipitated from the cell lysate using anti-HA resin, and the resulting immunoprecipitate examined by Western blot for the presence of SNS. As shown in Fig. 5 (lanes 4 and 6) , HA-tagged Duf/Kirre was efficiently precipitated from both Duf/Kirre-only and Duf/Kirre-SNS mixed cell populations. As expected, SNS was not present in the anti-HA immunoprecipitate from cells expressing only Duf/Kirre or only SNS (lanes 1 and 2) . However, it was clearly detected in immunoprecipitates from the mixed population of cells expressing Duf/Kirre-HA and SNS (Fig. 5, lane 3) . Thus, Duf/Kirre and SNS are closely associated in an immunoprecipitable protein complex, possibly through a direct protein interaction.
2.6. SNS localization in the embryo is dependent on Duf/Kirre or IrreC-rst, and coincident with Duf/Kirre
In the embryonic musculature, Duf/Kirre, IrreC-rst and SNS are necessary, either directly or indirectly, for the association of founder and fusion competent myoblasts (reviewed in Dworak and Sink, 2002; Taylor, 2002; Abmayr et al., 2003) . The striking co-localization of SNS with either Duf/Kirre or IrreC-rst in S2 cells prompted us to examine whether similar co-localization could be observed between embryonic myoblasts. We first examined whether punctate clustering of SNS on the surface of embryonic myoblasts, previously described by Bour et al. (2000) , was dependent on the presence of Duf/Kirre or IrreC-rst. . In this embryo, which is deficient for Duf/Kirre and IrreC-rst, SNS no longer localizes to discrete spots and is distributed more uniformly on the cell surface.
The distribution of SNS protein was examined in embryos deficient for both Duf/Kirre and IrreC-rst, and compared to that seen in wild-type embryos (Fig. 6 ). As anticipated, SNS becomes localized to discrete sites in wild-type myoblasts ( Fig. 6A ; Bour et al., 2000) . In contrast, SNS is distributed more uniformly on the myoblast surface in embryos lacking Duf/Kirre and IrreC-rst, (Fig. 6B) . Thus in embryos, as in S2 cells, the localization of SNS is dependent on the presence of Duf/Kirre or IrreC-rst.
To determine whether SNS and Duf/Kirre co-localize in embryonic myoblasts in a manner similar to that observed in S2 cells, stage 13 embryos were examined by indirect immunofluorescence using polyclonal antisera directed against the Duf/Kirre and SNS proteins (Section 4). As previously described for SNS (Bour et al., 2000) , Duf/Kirre is expressed in a dynamic pattern that is restricted to discrete sites on the surface and in the cytoplasm of expressing cells (Fig. 7A,D ,G,J,N). The pattern of SNS expression intersects that of Duf/Kirre, and is in close proximity to rP298-lacZ positive founder cell nuclei in the somatic mesoderm (Fig. 7C,F,I , arrowheads). Of note, punctate SNS expression is apparent at some sites in which Duf/Kirre expression is not detected. To address whether these sites might intersect points of IrreC-rst protein, which we have shown can interact with SNS-expressing cells and can substitute for Duf/Kirre in vivo, embryos were triple labeled with Duf/ Kirre, IrreC-rst and SNS (Fig. 7J-M) . As shown, IrreC-rst is readily detected at many sites of SNS enrichment that do not appear to colocalize with Duf/Kirre. In fact, examination of 204 discrete sites of SNS protein, derived from eight stage 13 embryos, revealed that 97% were colocalized with either Duf/Kirre and/or IrreC-rst.
To determine whether sites of Duf/Kirre and SNS colocalization occurred, as expected, on the cell surface, mesodermally expressed CD2 was used to visualize the cell membrane. As shown in Fig. 7P , CD2 staining revealed the surface of a growing myofiber and associated myoblasts. Duf/Kirre and SNS co-localize to points of contact between the fiber and a myoblast ( Fig. 7N-P) . Since the expression of both Duf/Kirre and SNS is dynamic and rapidly decreases upon fusion (Bour et al., 2000 ; Galletta and Abmayr unpublished observations), we examined co-localization of Duf/Kirre and SNS in myoblast city (mbc) mutant embryos in which the myoblasts associate but remain unfused (Abmayr et al., 2003) . By stage 14, the founder cells of these mutant embryos become morphologically distinct from the fusion competent cells, elongating and extending processes (Rushton et al., 1995) . As an apparent consequence of this fusion block, Duf/Kirre and SNS are stabilized at points of contact between the extended founder cell and several fusion competent cells (Fig. 7Q-S , arrowheads, overexposed to reveal cell bodies). These data clearly show that SNS and Duf/Kirre co-localize in the embryo at critical contact points between founder cells and fusion competent myoblasts.
The transmembrane/cytoplasmic domain of SNS is required for myoblast migration and/or fusion
Although the cytoplasmic and transmembrane domains of neither Duf/Kirre nor SNS play a significant role in the ability of these proteins to direct interaction of cultured S2 cells or become localized to points of cell-cell contact between the associated cells, the cytoplasmic domains of other members of the IgSF have been implicated in critical cell signaling events. It was therefore of interest to determine whether the cytoplasmic or transmembrane domain of SNS was required in the embryo to direct events more complex than those observed in cultured cells. To determine if the cytoplasmic/transmembrane domains of SNS are essential for myoblast fusion, the full length sns cDNA and sns-GPI were placed under UAS control (Brand and Perrimon, 1993) , and transformed into flies. These transgenes were then introduced into an sns mutant background and their expression directed by the mesodermal expression of GAL4. Interestingly, mesodermal expression of the full length SNS was sufficient to rescue myoblast fusion in an sns mutant background (Fig. 8A) , and these embryos grew into viable adults (K. Kocherlakota and S. Abmayr unpublished observations). However, the GPI-anchored form of SNS, which lacks both the transmembrane and cytoplasmic domains, was unable to rescue muscle formation in sns mutant embryos even when expressed from multiple copies of the transgene ( Fig. 8B ; Section 4). The UAS-sns and UAS-sns-GPI transgenes have been sequenced in their entirety, express similar levels of protein in membrane preparations from embryos, as detected by Western blot, and do not exhibit dominant effects when expressed in wild-type embryos (data not shown). Moreover, the fusion competent myoblasts did not appear to migrate toward the founder cells in these embryos (Fig. 8C,D) . These data suggest that, in contrast to the ability to direct aggregation of S2 cells, the presence of the transmembrane and/or cytoplasmic domain of SNS is essential for SNS to direct myoblast fusion in the embryo.
Discussion
The present study expands upon previous work examining SNS-mediated cell interactions. We have demonstrated that SNS directs interaction with cells that express either Duf/Kirre or IrreC-rst, and colocalizes with these proteins at points of cell-cell contact. Moreover, Duf/Kirre and SNS are present in an immunoprecipitable complex from S2 cell aggregates, and mediate heterotypic aggregation more rapidly and stably than they direct homotypic aggregation. These interactions are reflected in intact embryos, with SNS and Duf/Kirre colocalizing at contact points between elongated founder cells and associated fusion competent myoblasts. In both embryos and S2 cells, SNS clustering is . Single 1 mm section. SNS and Duf/Kirre colocalize between an extending founder cell (indicated by a star) and several fusion competent cells (*) in embryos in which myoblast fusion is blocked (arrowheads). The cells borders were determined by overexposing the image and are shown with dashed lines. dependent on Duf/Kirre and/or IrreC-rst. Finally, while cell aggregation and receptor clustering can occur in the absence of the SNS transmembrane and cytoplasmic domains, we demonstrate that this region is essential in intact embryos.
Direct interaction between Duf/Kirre and SNS
Previous studies demonstrated that Duf/Kirre and IrreC-rst, but not SNS, can mediate homotypic aggregation of S2 cells (Schneider et al., 1995; Dworak et al., 2001 ). The behavior of Duf/Kirre and IrreC-rst is similar to that of their vertebrate ortholog Neph1 (Gerke et al., 2003) . Unlike SNS, however, its vertebrate ortholog nephrin interacts homotypically (Khoshnoodi et al., 2003) . In any case, SNS can clearly direct aggregation with cells that express Duf/Kirre (Dworak et al., 2001 ); this study) or IrreC-rst (this study). These data, in combination with the SNS, Duf/Kirre and IrreC-rst loss of function phenotypes and embryonic patterns of expression, suggest that these molecules could mediate interaction between founder and fusion competent myoblasts. Previous studies did not address, however, the likelihood that such cell interactions occur through direct association of the Duf/Kirre or IrreC-rst proteins with the SNS protein. The present study attempts to address this issue in several ways, and argues strongly for such a direct interaction.
Using indirect immunofluorescence to identify the cells expressing Duf/Kirre, IrreC-rst and SNS, as well as the specific location of these proteins within the cell, we have established that cells expressing any one of these proteins do not adhere to untransfected S2 cells. Thus, cell adhesion requires the presence of these proteins on opposing cells, and cell surface molecules endogenous to S2 cells are not sufficient to direct aggregation with Duf/Kirre, IrreC-rst or SNS-expressing cells. In addition, examination of subcellular localization revealed enrichment of IrreC-rst, Duf/Kirre and SNS at points of contact between S2 cells in an adherent pair. Such sites of co-localization were observed in embryonic cells in a segmentally repeated pattern reminiscent of the spatial distribution of founder cells. Most convincingly, Duf/Kirre and SNS co-localization was observed at points of contact between elongated founder cells and associated fusion competent myoblasts. Thus, these molecules are present at the appropriate time and subcellular location to mediate a direct cell-cell interaction. Finally, SNS is closely associated with Duf/Kirre, as evidenced by their co-immunoprecipitation from S2 cell aggregates.
While these data strongly support the direct association of SNS with Duf/Kirre, they do not eliminate the possibility that either protein requires interaction in cis with a molecule endogenous to S2 cells to interact in trans. However, two additional observations argue against such a mechanism. These findings relate to the behavior of SNS and Duf/Kirre ectodomains when localized to the cell membrane with a GPI-anchor. Herein, we demonstrate that these truncated molecules are able to direct cell adhesion quite effectively. Thus neither the transmembrane nor the cytoplasmic domains, or any proteins that associate in cis with these domains, are necessary for cell adhesion. Moreover, GPI-linked SNS does not function as a dominant inhibitor when overexpressed in the embryonic musculature, as one might anticipate if the extracellular domain normally mediated an essential interaction in cis. Though indirect, and not definitive, these data strongly support a direct interaction between SNS and Duf/Kirre.
Homotypic interactions with Duf/Kirre versus heterotypic interactions with SNS
Although Duf/Kirre and IrreC-rst are capable of directing homotypic adhesion when expressed in S2 cells, the biological relevance of these interactions in the embryonic musculature is unclear. Numerous studies suggest that Duf/Kirre, IrreC-rst-expressing founder cells seed the fusion process, and pattern the resulting muscle fibers through information transferred to the naïve fusion competent cells as fusion progresses. Moreover, founder cells do not appear to interact with each other in the embryo (Ruiz-Gomez and Bate, 1997; Landgraf et al., 1999) . Our data demonstrates that Duf/Kirre-expressing S2 cells have a greater affinity for cells expressing SNS than they do for other cells expressing Duf/Kirre. This observation may reflect a difference that also occurs in vivo, such that founders have a higher affinity for fusion competent cells than for other founder cells. This difference in affinity, coupled with the fact that fusion competent myoblasts outnumber founder cells by at least 10 to 1, may underlie preferential founder:fusion competent cell association.
Cell adhesion versus cell migration/fusion: a requirement for the cytoplasmic/transmembrane domain
The absence of the transmembrane and cytoplasmic domains of Duf/Kirre has a significant effect on formation and/or stability of homotypic cell interactions. By contrast, the cytoplasmic/transmembrane domains of Duf/Kirre and SNS play little, if any, role in their ability to direct heterotypic cell adhesion. One potential explanation for this effect is that the apparently weaker homotypic interaction of Duf/Kirre relies more heavily on stabilization provided by association with the cytoskeleton, and is therefore more sensitive to removal of the cytoplasmic domain. Interestingly, the cytoplasmic domain of Duf/Kirre can interact with Anti-social/Rolling pebbles (Ants/Rols), which recruits the cytoskeletal protein D-titin to distinct points between founders and fusion competent cells (Menon and Chia, 2001) . The Duf/Kirre interaction with SNS, which appears to form more efficiently or stably, may be less sensitive to the presence of the corresponding cytoplasmic domains.
Examination of cell adhesion driven by other IgSF members has revealed examples in which the cytodomain is important, such as PECAM (DeLisser et al., 1994) , and examples in which it is dispensable, such as L1-CAM and neuroglian (Hortsch et al., 1995; Wong et al., 1995) . Interestingly, several IgSF proteins associate with components of the cytoskeleton, including L1-CAM (Davis et al., 1993; Davis and Bennett, 1994; Hortsch et al., 1998; Dickson et al., 2002) , ICAM-1 (Carpen et al., 1992) , ICAM-2 (Heiska et al., 1996) , and CEACAM1-L (Sadekova et al., 2000) , possibly to stabilize interactions with other proteins.
Although not necessary to promote adhesion of S2 cells, the transmembrane and/or cytoplasmic domains of SNS are absolutely essential in the embryo. Since SNS is necessary for migration of fusion competent cells toward the founder myoblasts (Abmayr et al., 2003) , and this behavior can be rescued by full length, but not GPI-anchored SNS, the cytodomain/transmembrane requirement likely reflects a role for SNS in directing migration of the fusion competent cells.
There is already ample evidence implicating other IgSF proteins in cell signaling through their cytoplasmic tails. For example, migratory responses to axon guidance cues are controlled by the cytoplasmic tails of Roundabout (Robo) and Frazzled (Bashaw and Goodman, 1999; Bashaw et al., 2000; Wong et al., 2001) . Moreover, the Robo cytoplasmic domain interacts with such signaling molecules as Enabled and Abelson (Bashaw et al., 2000; Wong et al., 2001) . It remains to be determined whether the SNS domain also functions in events subsequent to cell migration and adhesion. Intracellular events critical to myoblast fusion include the recruitment of organelles to points of contact between myoblasts (Doberstein et al., 1997) . Binding to the cytoplasmic domains of Duf/Kirre or SNS may provide a mechanism by which proteins or vesicles can be recruited to sites of membrane fusion. For example Ants/Rols, which interacts with the Duf/Kirre cytodomain, can also interact physically with MBC, a molecule implicated in the Rac1 pathway (Luo et al., 1994; Erickson et al., 1997; Nolan et al., 1998; Chen and Olson, 2001) . Ants/Rols, MBC, and the small GTPases Rac1 and Rac2 are all required for myoblast fusion (Erickson et al., 1997; Chen and Olson, 2001; Menon and Chia, 2001; Rau et al., 2001; Hakeda-Suzuki et al., 2002) , suggesting that the Duf/Kirre cytodomain may recruit molecules essential to fusion. In addition Loner, an ARF guanine nucleotide exchange factor that is essential for myoblast fusion, also co-localizes with Duf/Kirre in the founder myoblasts (Chen et al., 2003) . Whether its cytodomain is associated solely with migration or with both migration and fusion, SNS appears to act as a signaling molecule that likely mediates its effects through interaction with intracellular components.
Experimental procedures

Cloning of expression constructs
For S2 experiments, cDNAs were cloned into pRmHA3 (Bunch et al., 1988) . To assist in detection, a single HA tag was added to the C-terminus of Duf/Kirre after amino acid 956. To generate GPI-anchored Duf/Kirre with and without an HA tag, a HpaI restriction site was added to the 3 0 end of the sequence encoding the extracellular domain (amino acids 1-574) by PCR. A HpaI site was introduced into the 5 0 end of the fasciclin I GPI-anchor sequence by PCR to facilitate its cloning to the ectodomain. For GPI-anchored SNS, an in-frame fusion was generated between amino acids SNS 1-1009 and the GPI-anchor sequence of Fasciclin I. For transgenic flies, full-length and GPI-anchored sns cDNAs were subcloned into pUAST (Brand and Perrimon, 1993) and injected into yw embryos Spradling and Rubin, 1982) .
Cell culture, transfection and aggregation assays
S2 cells were grown as described (Cherbas and Cherbas, 1998) . Transient transfections used Superfect (Qiagen, Valencia, CA) as directed by the manufacturer. Stable cell lines were generated by cotransfection with pCO hygro (Invitrogen, Carlsbad, CA) using calcium phosphate (Ashburner, 1989) and selection on hygromycin (200 mg/ml).
Aggregation experiments were carried out as described (Bieber, 1994) with modifications. In brief, cells at a concentration between 0.5 and 1!10 6 cells per ml were induced with 700 mM CuSO 4 and agitated at 125 RPM for 18-24 h at room temperature. For quantitative experiments, 1!10 6 cells per ml were agitated for 16 h. All transfected, Duf/Kirre or SNS-expressing cells were counted from 0.1 ml of culture in at least three independent experiments. For all quantitative experiments the transfection efficiency was determined by immunofluorescent staining of the cell populations to ensure that the desired ratio of cells expressing each construct was present. For time course experiments, samples contained either 7.5!10 4 or 1.5!10 5 Duf/Kirre-expressing cells. In one sample, approximately 7.5!10 4 SNS-expressing cells were mixed with 7.5!10 4 Duf/Kirre-expressing cells. Untransfected S2 cells were added to all populations for a total of 1.25!10 6 cells in 2 ml. Samples were taken as described, and labeled. For each time point, all Duf/Kirre-expressing cells in 20 random fields were analyzed in three independent experiments.
Antisera
For Duf/Kirre antisera, a recombinant protein that included amino acids 39-568 was expressed from pET14B (Novagen Inc., Madison, WI), purified from inclusion bodies, and injected into rats (Pocono Rabbit Farms and Laboratory, Inc., Canadensis, PA). For SNS antisera, a recombinant protein that included amino acids 688-1016 was expressed from pET28c (Novagen Inc., Madison, WI), purified from inclusion bodies, and injected into rabbits (Cocalico Biologicals, Reamstown, PA). Crude antisera were affinity purified against the original antigens coupled to Affi-Gel (BioRad Labs, Hercules, CA) Antisera were used at the following concentrations: rat anti-SNS-ectodomain at 1:50, rabbit anti-SNS-cytodomain (Bour et al., 2000) at 1:100 on embryos and 1:1000 for Western blots, rat anti-Kirre at 1:20, anti-HA11 (Covance, Princeton, NJ) at 1:1000, mouse anti-b-galactosidase (Promega, Madison, WI) 1:1000 and mouse anti-rat CD2 (Serotec Inc., Raleigh, NC) at 1:2500. Secondary antibodies included anti-mouse Alexa 488, antirabbit Alexa 488 and 546, and anti-rat Alexa 546 at 1:250 (Molecular Probes, Eugene, OR), anti-mouse CY5 (Rockland Immunochemicals, Inc., Gilbertsville, PA) at 1:200. Anti-mouse biotinylated secondary antibodies were used at 1:1500 (Vector Laboratories, Burlingame, CA), and antirabbit HRP conjugated antibody at 1:3000 (Amersham, Piscataway, NJ).
Immunofluorescence
Aggregated cells were attached to glass multitest slides (ICN Biomedicals, Aurora OH) for 2 h. The cells were washed twice with 1X PBS, fixed in 3.7% formaldehyde (Polysciences, Warrington, PA) in 1X PBS for 20 min, and blocked with 5% normal goat serum (Vector Laboratories, Burlingame, CA) in 1X PBSC0.02% saponin. Cells were incubated with primary antisera overnight at 4 8C. Immunofluorescence of Drosophila embryos was as described (Erickson et al., 1997) . Primary antisera were preabsorbed on 0-1 h embryos. Images were collected on a Fluoview 300 (Olympus, Melville, NY) or a Zeiss LSM 510 META (Carl Zeiss MicroImaging, Inc., Thornwood, NY) confocal microscope.
Drosophila stocks
Drosophila stocks were maintained on standard cornmeal media at 18 or 25 8C as necessary. UAS-CD2, Mef2-GAL4, 24B-GAL4, rP298-lacZ, mbc D11.2 , sns ZF1.4 and sns XB3 have been described (Bour et al., 2000; Brand and Perrimon, 1993; Dunin-Borkowski and Brown, 1995; Erickson et al., 1997; Nose et al., 1998; Ranganayakulu et al., 1996 Ranganayakulu et al., , 1998 . The uas-sns line was generated from the construct described above. The uas-snsGPI studies utilized a recombinant line generated from two independent second chromosome insertions. The balancer CyO P[w C wg en11 enlacZ] was used to identify homozygous mutant progeny.
Immunoprecipitation
Cell aggregations were set up in parallel using cells from the Duf/Kirre population, the SNS cell population, or a mixture of both, using 5!10 6 cells from each population as appropriate. Where necessary, the total cell number was adjusted to 1!10 7 by addition of untransfected S2 cells. Following induction, the cells were aggregated for 24 h, washed with PBS, and cross-linked with 2 mM DTSSP (Pierce, Rockford, IL) in PBS for 1 h at 4 8C while shaking. The cells were resuspended in 250 ml lysis buffer (2% Triton X-100, 50 mM Tris-HCl pH 7.4, 2 mM PMSF) and passed through a 25 g needle 10 times. HA-resin (Roche, Indianapolis, IN) was mixed at 4 8C overnight with 0.75 mg of lysate. The beads were washed with lysis buffer plus 150 mM NaCl, and protein eluted by boiling in Laemmli buffer. Proteins were detected in Western blots using ECL (Amersham, Piscataway, NJ).
